We study the properties of plasmon polaritons in one-dimensional photonic metamaterial superlattices resulting from the periodic repetition of a Fibonacci structure. We assume the system made up of positive refraction and metamaterial layers. A Drude-type dispersive response for both the dielectric permittivity and magnetic permeability of the left-handed material is considered. Maxwell's equations are solved for oblique incidence by using the transfer-matrix formalism. Our results show that the plasmon-polariton modes are considerably affected by the increasing of the Fibonacci-sequence order of the elementary cell. The loss of the long-range spatial coherence of the electromagnetic field along the growth direction, which is due to the quasiperiodicity of the elementary cell, leads to the splitting of the plasmon-polariton frequencies, resulting in a Cantor-type frequency spectra. Moreover, the calculated photonic dispersion indicates that if the plasma frequency is chosen within the photonic ͗n͑͒͘ = 0 gap then the plasmon-polariton modes behave essentially as pure plasmon modes. DOI: 10.1103/PhysRevB.81.153101 PACS number͑s͒: 42.70.Qs, 41.20.Jb, 42.70.Gi, 78.20.Bh The control and manipulation of light, as well as the study of its interaction with condensed matter, have been the subject of considerable amount of work in the last few decades. Photonic crystals ͑PCs͒ ͑Refs. 1-3͒ have emerged as a new class of optical materials displaying exciting and useful properties of practical application. Apart from the purely physical interest for investigating PCs, an additional motivation for studying them is provided by the challenge of constructing all-optical devices eventually capable of replacing electronic transistors. 4, 5 The advent of metamaterials, i.e., optical materials with negative index of refraction 6,7 theoretically described by Veselago 8 at the end of the 1960s, has opened up new interesting possibilities for studying PCs. In this context, onedimensional ͑1D͒ periodic and quasiperiodic PCs made up of materials with positive and negative indices of refraction have been studied both from the experimental 9 and theoretical 10-12 points of view. Such systems display a band gap associated to the condition ͗n͘ =0 ͑null average of the refractive index͒, which is essentially invariant with scaling.
The control and manipulation of light, as well as the study of its interaction with condensed matter, have been the subject of considerable amount of work in the last few decades. Photonic crystals ͑PCs͒ ͑Refs. 1-3͒ have emerged as a new class of optical materials displaying exciting and useful properties of practical application. Apart from the purely physical interest for investigating PCs, an additional motivation for studying them is provided by the challenge of constructing all-optical devices eventually capable of replacing electronic transistors. 4, 5 The advent of metamaterials, i.e., optical materials with negative index of refraction 6,7 theoretically described by Veselago 8 at the end of the 1960s, has opened up new interesting possibilities for studying PCs. In this context, onedimensional ͑1D͒ periodic and quasiperiodic PCs made up of materials with positive and negative indices of refraction have been studied both from the experimental 9 and theoretical [10] [11] [12] points of view. Such systems display a band gap associated to the condition ͗n͘ =0 ͑null average of the refractive index͒, which is essentially invariant with scaling. 13, 14 Furthermore, at the interface between the metamaterial and the positive-refraction material, resonant interactions may take place between electromagnetic waves and an electronic plasma at the surface of the metamaterial, leading to electromagnetic surface waves known as surfaceplasmon polaritons. 15 Recent work has explored the possibility of exciting bulk plasmon polaritons along the growth direction in 1D periodic photonic superlattices containing a metamaterial. 16 For oblique incidence, as the magnetic ͑electric͒ field corresponding to TE ͑TM͒ modes has a nonvanishing component along the superlattice growth direction, such a field leads to the excitation of coupled bulk magnetic ͑electric͒ plasmonpolariton modes. 16 The present study is concerned with the properties of plasmon polaritons in 1D photonic Fibonacci superlattices containing layers of metamaterial. We have focused in a 1D structure made up by using two different building blocks ͑layers͒ A and B, with width, electric permittivity, and magnetic permeability given by a and b, ⑀ A and ⑀ B , and A and B , respectively. We consider such a structure as periodic, with the elementary cell composed by the mth generation of the Fibonacci sequence, which is obtained from the recursion relation If the growth direction is taken along the z axis, the equation describing the electric-field amplitude E associated with the monochromatic TE modes ͑electric field parallel to the interface planes͒ propagating along the photonic superlattice is given by
where n͑z͒ = ͱ ͑z͒ ͱ ⑀͑z͒, ͑z͒ and ⑀͑z͒ are the positiondependent refraction index, magnetic permeability, and dielectric permittivity of the 1D system, respectively. At the interfaces, the vector function
is a continuous function. Because of the periodicity of the 1D system, ⌿ is an eigenfunction of the translation operator T L m across the length of the elementary cell S m , and therefore
In addition, one may define the transfer matrix T m as the 2 ϫ 2 matrix which connects the function ⌿ at the beginning ͑z =0͒ and at the end ͑z = L m ͒ of the elementary cell S m , i.e.,
Combining Eqs. ͑3͒ and ͑4͒, one may note that
where I is the 2 ϫ 2 identity matrix. In other words, e ikL m and ⌿͑0͒ are the eigenvalues and eigenfunctions of the transfer matrix, respectively, whereas T m is the matrix representation of the translation operator T L m . From Eqs. ͑4͒ and ͑5͒
where R m is the semitrace of T m , which is used to obtain the dispersion relations = ͑k͒ ͓or = ͑k͒, with = / 2͔ of the TE modes in the photonic superlattice. According to the rule for generating the Fibonacci sequence of order m, it is possible to see that T m = T m−2 T m−1 , and therefore
In order to compute the semitrace R m for a given value of m Ͼ 2, it is only necessary to known the semitraces R 0 , R 1 , and R 2 . A simple calculation leads to 
The frequencies associated to the electric and magnetic plasmon modes are e = 16 In the case of plasmon polaritons, for normal incidence there is no component of the electric and magnetic field along the growth direction, and therefore no longitudinal plasmon polaritons are observed. For oblique incidence, however, the magnetic field corresponding to the TE modes has a nonvanishing component along the z-growth direction, which results in the excitation of longitudinal magnetic plasmon-polariton waves. One may note from If a ӷ b, the distance between the different slabs B is so large that the corresponding plasmon polaritons do not interact. Such a situation leads to a F m−2 -degenerate plasmonpolariton subband in the superlattice system. If a ϳ b, the spatial proximity between the metamaterial slabs breaks up such a degeneracy, leading to F m−2 different plasmonpolariton subbands. This behavior, which has already been observed for electron states in similar semiconductor systems, 19, 20 is displayed in Fig. 5 , which exhibits the evolution of the magnetic plasmon-polariton band structures of photonic superlattices as functions of the order of the Fibonacci sequence in the elementary cell, for two different values of the incidence angle. Numerical results were computed for a = b = 12 mm, e / 2 = 3 GHz, and m / 2 = 1 GHz. From a physical point of view, the Cantortype behavior of the plasmon-polariton subbands is due to the loss of long-range spatial coherence of the electromagnetic modes in the system caused by the quasiperiodicity of the elementary cell S m . As an additional illustration, Fig. 6 exhibits the various plasmon-polariton bandwidths of photonic superlattices as functions of the incidence angle, for different values on the order m of the Fibonacci sequence in the elementary cell. Needless to say, all the results discussed here for TE modes have a similar counterpart for TM modes.
To summarize, we have studied the properties of plasmon polaritons in 1D photonic superlattices in which Fibonacci sequences S m play the role of elementary cells. We have shown that the properties of the plasmon polaritons in such systems strongly depend on the Fibonacci-sequence order m. If the plasmon frequency is an allowed frequency for normal incidence, the number of plasmon-polariton modes appearing for oblique incidence is just the number of metamaterial layers contained in S m , and they correspond to the strong coupling of photons and plasmons. On the other hand, if the plasmon frequency lies within the ͗n͑͒͘ = 0 gap, the number of plasmon-polariton subbands is also F m−2 , but the lightplasmon coupling weakens considerably, resulting in essentially dispersionless plasmonlike subbands, with their frequency spectra behaving as a Cantor-type set. Finally, we do hope that the present study on magnetic/electric plasmonpolariton modes will be useful for future experimental work aimed at exploring the interplay between photonics and magnetism at nanoscales. 
